cate a possible involvement of netrin-1 in neuronal cell correct laminar position. Glial-directed neuronal migramigration. These studies have suggested that netrin-1 tion has been well studied, but relatively less is known may have an evolutionarily conserved role in directing about a distinct mode of migration that occurs tangential cell migration, as it does in axon guidance, but were not to the pial surface and includes luteinizing hormoneable to exclude the possibility that the defects arose releasing hormone-(LHRH-) positive olfactory placode only secondarily, as a result of earlier defects in axonal cells (Norgren and Lehman, 1991 Table 1 ). Antibodies for three Leading Processes of Migrating Pontine Cells Extend Long Distances Subpially around the Hindbrain other axonal markers, microtubule-associated protein-2 (MAP-2), neurofilament 200 (NF200), and class III ␤-tubuOno and Kawamura (1990) have shown that migrating pontine cells extend a leading process in the direction lin (TuJ1), immunostained other fine caliber processes coursing over the ventral surface of the developing pons of their migration, but they were not able to assess the length of individual processes. 1,1Ј-dioctadecylthat do not resemble the large caliber TAG-1 ϩ processes; these are likely to represent the axons of the 3,3,3Ј3Ј-tetramethylindocarbocyanine perchlorate (DiI), focally injected lateral to the developing basilar pons middle cerebellar peduncle (mcp). Since none of the common axonal markers were ex- (Figure 2A ), retrogradely labels a small number of cells and their processes, located circumferentially beneath pressed in the leading processes of migrating pontine cells, we considered that the TAG-1 ϩ processes might the pial surface, dorsocaudal to the injection site (Figures 2B, 2B [inset] , and 2C). The labeled leading probe of glial origin. Glial processes are found rostral and caudal to the developing basilar pons (Bastmeyer et al., cesses can be several hundreds of microns in length. Anterograde tracing of leading processes with injections 1998) but have a morphological distribution distinct from TAG-1 ϩ pontine leading processes and are likely to repof DiI into the DRN labeled processes that extend to, and in some cases, beyond, the ventral midline (Figures resent the endfeet of radial glia and astrocytes. Glial markers, including S-100 ( Figure 3J ), glial fibrillary acidic 2D and 2E), confirming the extended nature of these processes, which can be over a millimeter in length.
protein (GFAP; Figure 3K ), vimentin ( Figure 3L ), and RC2 (data not shown), show immunoreactivity along the venThe processes in the ms could also be visualized by immunostaining with an antibody to TAG-1 (transiently tral midline and as punctate spots surrounding the body of the developing basilar pons but show no resemblance expressed axonal surface glycoprotein-1; Wolfer et al., 1994). A transverse section through the basilar pons to TAG-1 ϩ processes. We also examined the distribution of two cell adhesion shows TAG-1 immunoreactivity in a thin band adjacent to the pial surface ( Figure 2F ) and coincides with the molecules, L1 and NCAM, in relation to the pontine ms. In the spinal cord, netrin-1-responsive commissural axregion where DiI-labeled processes were observed ( Figures 2B and 2C ). Whole-mount staining labeled a ons express TAG-1 as they approach the midline, and L1 after they cross it (Dodd et al., 1988). In the hindbrain, fascicle of cells and processes extending laterally from the immunoreactive DRN ( Figure 2H ) and coursing L1 expression is seen in processes dorsally, immediately adjacent to the DRN and in the axons of the mcp near the around the trigeminal ganglion ( Figures 2G and 2I) . Ventrally, the TAG-1 ϩ processes fan out as they reach the cerebellum ( Figure 3D) ; however, no L1 immunostaining was detected in migrating pontine leading processes Cells from the Dorsal Rhombencephalic Neuroepithelium Migrate toward the on the lateral or ventral surfaces of the hindbrain. We also wanted to assess whether NCAM might be exFloor Plate and Netrin-1 In Vitro Since the migration of pontine cells is directed from the pressed on TAG-1 ϩ processes, since its graded expression was previously reported in the pontine ms (Ono et dorsal aspect of the hindbrain to the ventral midline, we hypothesized that a diffusible molecule released from al., 1992). We were unable to specifically localize NCAM on the leading processes of pontine cells, but in agreethe midline may be involved in guiding these cells. To investigate this possibility, we carried out a series of in ment with previous findings, we do find NCAM expression in the ms ( Figure 3E) . vitro experiments by coculturing DRN explants with floor The ability of the floor plate and netrin-1 to orient leading processes was further studied in a second set of experiments in cocultures of DRN and floor plate or netrin-1-secreting cells. For these experiments, we focused exclusively on isolated cells; the orientation of their leading processes was scored as either toward or away from the source within sampling regions on the proximal and distal sides of each DRN explant. In experiments using control 293 cells as a source, virtually all (98%) leading processes on the proximal side pointed toward the source, whereas almost none (1%) did so on the distal side ( Figure 7 ; Table 2 ). This distribution of leading processes reflects the fact that the migration of cells in control cultures is roughly radial so that leading processes are oriented away from DRN explants. In contrast, when DRN explants were cultured with cells secreting netrin-1 or with floor plate, a large fraction of the leading processes on the distal side were oriented toward the netrin-1 source ‫,)%03ف(‬ and those on the proximal side continued to show the same orientation ‫)%99-%79ف(‬ (Figure 7 ; Table 2 ). The orienting effect of the floor plate on leading processes was abolished on the distal side and diminished on the proximal side in the presence of antibodies against netrin-1 (Figure 7 ; Table 2 ). Taken together, these results demonstrate that netrin-1 acts on leading processes to direct their trajectory of extension.
Although we have not performed an extensive molecular characterization of the leading processes, we have found that they contain tubulin (tubulin antibody; data not shown), consistent with the observation of microtubules in these processes in vivo (Ono and Kawamura, 1990), and filamentous actin (tetramethylrhodamine B isothiocyanate-[TRITC-] phalloidin) throughout their length (data not shown). In preliminary experiments, we found that incubation with pharmacological agents that disrupt the actin cytoskeleton (cytochalasin B) or microtubules (nocodazole) causes partial retraction of the leading processes in vitro (time-lapse videomicroscopy), but many processes do not retract, and new ones can also form (data not shown). . We provide evidence that netrin-1 also has termates, TAG-1 immunostaining can be observed in the DRN (Figures 10A and 10B ) and, laterally, in the a direct role in guiding neuronal cell migration in the developing mammalian brain, as suggested by descripms ( Figures 10AЈ and 10BЈ) . Ventrally, TAG-1 ϩ leading processes in wild-type mice ( Figure 10AЈЈ 
E). Dcc transcript is localized in the DRN (E18 rat, [F]) and in the ms, laterally (G). On the ventral surface, Dcc expression in the ms decreases, and only scattered cells are labeled; no Dcc mRNA is detectable in the developing basilar pons, adjacent to the midline (arrow, [H]). DCC protein is localized in the DRN (E18 rat shown, [I]), the fasciculated bundle of processes within the ms as they course around the lateral hindbrain (J) and along the ventral surface, where they fan out into the forming basilar pons (K). Scale bar, 500 m (A-C); 300 m (D and E); 400 m (F-K).
course within the migratory steam toward a netrinthat netrin-1 acts directly on cell body translocation, since cell body translocation is not prevented and still 1-expressing domain at the ventral midline. Since these processes express this netrin receptor, and similar mioccurs within leading processes directed away from netrin-1 sources. Cell body translocation may be an gratory defects are observed in both netrin-1 and Dcc knockout mice, DCC is implicated in mediating this reintrinsically controlled event that directly follows process extension. However, since we do not currently have sponse.
Our culture data demonstrate that netrin-1 secreted the means to dissociate leading process extension and cell body translocation, we cannot rule out the possibility from the floor plate and 293 cells direct the migration of cells from DRN explants. The directed migration tothat netrin-1 also has a direct effect on cell body translocation. ward the floor plate is abolished in the presence of netrin-1-blocking antibodies in vitro, indicating that diThe importance of the leading processes in directing pontine cell migration is also underscored by our in rected cell migration from DRN explants is specific to the effects of netrin-1. The precise role of netrin-1 on vivo observations in Dcc and netrin-1 knockout mice. In these animals, leading processes are still able to expontine cell migration is a chemoattractant effect on their leading processes. Addition of netrin-1-blocking tend to the ventrolateral border of the hindbrain, indicating the existence of other cues that are sufficient for the antibodies in vitro slows leading process extension as well as cell body movement; however, it seems unlikely initial part of their migration (see below). Importantly, cannot, may be due to differences in thresholds required the contralateral mcp to later innervate the cerebellum.
for axonal versus leading process guidance. One indicaIt is difficult to exclude that these leading processes tion of this comes from our in vitro studies, which show might be a unique type of axon that does not express that the netrin-1 effect is observed even when DRN any of these particular markers. Indeed, the similarity explants are cultured at distances ten times greater than between the functions of axons and leading processes distances required to induce effects between netrin-1 suggests that it may be unwise to try to draw a sharp sources and dorsal spinal cord explants. Another expladistinction between the two and that it is perhaps best nation is that netrin-1 may function in two ways to (1) to think of them as a continuum of neuronal cellular create a permissive environment through a region and specializations, from short leading processes, to long (2) provide a directional cue. It is possible that for migratleading processes, to axons. Long and short processes ing pontine cells, netrin-1 functions in both ways, such have in common, however, that they will be reabsorbed that it enables leading processes to grow through the as the nucleus translocates. Furthermore, to the extent ventral hindbrain and provides a directional cue for their that leading processes and axons are guided by the extension to the ventral midline; in contrast, commissame types of guidance mechanisms, it is expected that sural axons may require netrin-1 only for directional inthey would express similar types of receptors and signal formation. transduction molecules. Thus, the leading processes of We have provided multiple lines of evidence implicatpontine neurons express DCC on their surface as they ing netrin-1 in directing pontine cell migration, but neextend from the DRN, around the hindbrain and into trin-1 is unlikely to be the only cue guiding this migration, the forming basilar pons, consistent with their netrin for several reasons. 
